Context: Areal bone mineral density (BMD) is lower, particularly at the spine, in low-weight women with anorexia nervosa (AN) 
Conclusions: Int.vBMD and estimated vertebral strength (driven by Int.vBMD) are impaired across the AN weight spectrum and are associated with low BMI and endocrine dysfunction, both current and previous. Women with atypical AN experience diminished vertebral strength, partially due to prior low-weight and/or amenorrhea. Lack of current low-weight or amenorrhea in atypical AN does not preclude compromise of vertebral strength. (J Clin Endocrinol Metab 102: 57-68, 2017) I mpaired bone density is a prevalent medical complication of anorexia nervosa (AN) which can lead to debilitating fractures (1, 2) . Low-weight women with AN have an elevated risk of overall, vertebral, and forearm fractures (3, 4) . The spine is the skeletal site of greatest bone loss as assessed by areal bone mineral density (BMD) (1) . About 70% of low-weight women with AN have low areal BMD at the AP spine, and more than 80% have low areal BMD at the lateral spine by dual-energy x-ray absorptiometry (DXA) (1) . However, DXA methodology has limitations in measuring BMD and predicting fracture risk, as it is influenced by ratios of fat to lean tissues and is thus subject to inaccuracies (5, 6) , particularly in the setting of weight fluctuations such as in eating disorders (6) . As evidence of this, adolescents and young women with AN whose areal BMD values are normal or only modestly reduced have a higher fracture prevalence at all skeletal sites combined compared with healthy females with comparable BMDs (7) , suggesting that factors besides areal BMD contribute to fracture risk.
Thus, better characterization of bone quality and strength in AN is needed, particularly at the spine where bone loss as assessed by DXA is greatest in low-weight individuals with AN; however, techniques to do so were limited in the past. High-resolution peripheral quantitative computed tomography (CT) can assess bone microarchitecture at the extremities, but not the spine. Recently it became possible to estimate vertebral compressive strength using data obtained from quantitative CT (QCT). In contrast to DXA, which measures areal BMD, QCT measures volumetric BMD (vBMD) and is not subject to potential errors that may arise with DXA due to assumptions about bone size or body composition. Using principles of engineering beam theory, measurements of vBMD and cross-sectional area (CSA) of a vertebral body obtained from QCT can be used to estimate vertebral strength (8) (9) (10) .
We have shown that vertebral vBMD and strength as measured by QCT are reduced in low-weight women with AN (11) . However, it is unknown whether women with "atypical" AN-a new diagnostic category included in the recently published Diagnostic and Statistical Manual of Mental Disorders (fifth edition; DSM-5) -are also characterized by low vertebral BMD. "Atypical" AN does not require a strict weight cut-off or amenorrhea. Thus, there is now a diagnosed spectrum of AN that includes individuals who are low-weight and, with the advent of DSM-5, a new category of "atypical" AN, characterized by the same psychiatric phenotype, including restrictive eating behaviors and disordered body image, but without low weight.
We have recently published that vertebral vBMD and strength as estimated by QCT are lower in women with low-weight AN compared with controls (11) . However, vertebral vBMD and vertebral strength in women with atypical AN, and the comparisons to those measures in low-weight AN and controls, have not been reported to date. Furthermore, the determinants of vertebral vBMD and strength across the AN weight spectrum, including atypical AN, have not been published previously. We hypothesized that (a) women with low-weight AN and atypical AN, regardless of current weight, would have impaired vertebral vBMD and strength, and (b) impaired vertebral vBMD and strength would be associated with low-weight and endocrine dysfunction, both current and previous.
Materials and Methods

Subjects
This was a cross-sectional study of 153 women (64 with lowweight AN, 44 with atypical AN, and 45 healthy lean controls), ages 18 to 45 years, who received QCT including the L4 vertebra during prior research protocols at the Massachusetts General Hospital. All protocols were approved by Partners Institutional Review Board. Written informed consent was obtained from all participants. Low-weight AN subjects had a body mass index (BMI) ,18.5 kg/m 2 and met DSM-5 diagnostic criteria for AN. Atypical AN subjects had BMI $ 18.5 kg/m 2 and met DSM-5 diagnostic criteria for atypical AN. Subjects with low-weight AN and atypical AN were eumenorrheic, amenorrheic, or receiving exogenous estrogens and progestins (E+P). Lean controls had BMI .18.5 kg/m 2 and ,25 kg/m 2 , were eumenorrheic, and were not receiving exogenous estrogens or progestins. Subjects with diabetes mellitus, renal disease, liver disease, active substance abuse, or use of medications that affect bone metabolism were excluded. Trabecular vBMD (11) (12) (13) (14) has been reported in a subset of subjects. Integral vBMD (Int.vBMD), which includes both trabecular and cortical compartments, and estimated vertebral strength have been reported in low-weight AN and control subjects only (11) . Trabecular vBMD, Int.vBMD, and estimated vertebral strength have not been reported for any atypical AN subjects. Associations of Int.vBMD and vertebral strength with hormone data, prior BMI, and amenorrhea have not been reported for any subjects previously.
Volumetric BMD, CSA, and vertebral strength
Imaging parameters and methods have been published previously (11, 13) . Briefly, L4 vBMD (g/cm 3 ) was determined by QCT of the L4 vertebral body with the use of a calibration phantom, as reported previously (11) . T scores and Z scores of L4 trabecular vBMD were calculated using reference mean vBMDs of young females and of age-matched females (15) , respectively. A single investigator (C.M.G.), who was blinded to the group status of the participants, outlined the contours of L4 vertebral bodies to determine L4 CSA (cm 2 ) and L4 Int.vBMD, (g/cm 3 ), which represents total vBMD (trabecular and cortical compartments).
Estimated vertebral compressive strength ("vertebral strength") was calculated using the linear combination of Int.vBMD and CSA, as published previously (8, 9, 11) . This approach has been validated in vitro with human cadavers (16) . This method uses engineering beam theory principles, which assume that the vertebral body is loaded in compression, and that vertebral strength is proportional to the structural rigidity of the vertebral body's weakest crosssection. Structural rigidity relies on bone size and elastic modulus (9, 10), which was estimated using Int.vBMD:
Elastic modulus = -34.7 + 3230 3 Int.vBMD
Vertebral strength was estimated using the following equation (8) , derived from compression testing of human cadaveric vertebrae:
Vertebral Strength = 0.0068 3 elastic modulus 3 CSA
Biochemical analyses
Testosterone and estradiol levels were assessed in women with low-weight AN and atypical AN who were currently amenorrheic and who were not receiving exogenous estrogens. (Analyses were limited to amenorrheic women because in women receiving ethinyl estradiol, estradiol levels do not reflect estrogen action, and in women with spontaneous menses, 1 serum sample does not reflect integrated estrogen levels through the menstrual cycle.) Serum total and free testosterone levels were available in 44 of 50 amenorrheic subjects with low-weight AN and atypical AN. Total testosterone levels were measured in 14 of 44 samples by high-pressure liquid chromatography with tandem mass spectrometric detection (HPLC-MS/ MS; Esoterix Endocrinology, Calabasas Hills, CA) with a sensitivity of 2.5 ng/dL. Total testosterone levels had been run previously in 30 of 44 samples using column chromatography (Esoterix Endocrinology). Total testosterone (T) levels assessed by the 2 assays have a high degree of agreement: Total T by column chromatography = 1.0467 3 (total T by HPLC-MS/MS) -2.9547 (R 2 = 0.9909) (per correspondence with Donald Walt Chandler, PhD, Executive Director at Endocrine Sciences Laboratory, Esoterix Division of LabCorp, Calabasas Hills, CA).
Using this equation, total testosterone levels measured using column chromatography were adjusted to be comparable to total testosterone levels measured by HPLC-MS/MS. Percent free testosterone was measured by equilibrium dialysis (Esoterix Endocrinology). Serum estradiol was available in 30 of 50 amenorrheic AN subjects who were not taking exogenous estrogen. Estradiol was measured using a radioimmunoassay kit (Diagnostic System Laboratories, Webster, TX) with a sensitivity of 2.2 pg/mL. Of the 108 low-weight and atypical AN subjects, serum dehydroepiandrosterone sulfate (DHEA-S) and insulin-like growth factor (IGF)-1 levels were available in 31 and 92 subjects, respectively. DHEA-S was measured by a radioimmunoassay kit (Diagnostic System Laboratories) with a sensitivity of 2.5 mg/dl. IGF-1 was measured by the Immulite 2000 immunoassay analyzer (Siemens Health Care, Malvern, PA). All assays had coefficients of variation ,10%. Hormones were not measured at a specific time of day.
Other variables
Menstrual histories were obtained during interviews. We classified the current menstrual characteristics of all low-weight AN and atypical AN subjects as follows: (a) "amenorrhea" (no menses during the 3 months preceding their QCT scans), (b) "spontaneous menses" (had menses during the prior 3 months and were not receiving exogenous E+P), or (c) "E+P" (receiving exogenous systemically absorbed E+P (e.g., oral contraceptives, estrogen-containing patch, or vaginal ring) for at least 1.5 months prior to their scans). In addition, we assessed lifetime duration of amenorrhea (excluding months pregnant or receiving exogenous E+P), nadir lifetime BMI during adulthood, and illness duration (months since diagnosis of an eating disorder by a clinical provider); data were available in 83, 95, and 96 of the 108 low-weight and atypical AN subjects, respectively.
Statistical analysis
JMP Statistical Discovery Software, version 10 Professional (SAS Institute Inc, Cary, NC) was used for statistical analyses. Variables were assessed for normality using the Shapiro-Wilk test, and, if nonnormal, underwent log transformation. All analyses have been adjusted for age. Two-tailed P values of ,0.05 were considered statistically significant. Continuous variables were compared between the 3 groups with Fisher's least significant difference test, controlling for age, using standard least squares regression. If overall P between groups was ,0.05, pairwise comparisons were performed. Additional adjustment for multiple comparisons was not indicated because of the use of a preliminary test of significance with 3 groups (17) . To test for associations, standard least squares regression models, controlling for age, were constructed and P values and partial correlation coefficients are reported. Results are based on the data for individuals for whom data were available; missing data were not imputed. In low-weight and atypical AN subjects with current amenorrhea, 2 multivariable models were constructed using stepwise regression modeling. Dependent variables were Int.vBMD and vertebral strength. Independent variables entered into the models were (a) serum testosterone, serum estradiol, age, and BMI in a model (to determine the independent contributions of the different gonadal steroids, testosterone and estradiol), and (b) serum testosterone, serum IGF-1, age, and BMI in another model (to determine whether IGF-1 was a significant determinant).
Results
Clinical characteristics
Controls were slightly older (mean age 28.0 years) than low-weight AN (25.7 years) and atypical AN (24.6 years) (P = 0.04 and P = 0.005, respectively) ( Table 1) . Mean age did not differ between low-weight AN and atypical AN. All analyses have been adjusted for age. By press.endocrine.org/journal/jcemstudy design, BMI differed between groups (P , 0.0001) ( of these women had never been amenorrheic. The percentage of women with current amenorrhea was lower among women with atypical AN (29.5%) compared with women with low-weight AN (57.8%) ( Table 1) . Compared with atypical AN, low-weight AN had longer mean durations of amenorrhea and of illness (P # 0.009) ( Table 1) .
Volumetric BMD, CSA, and vertebral strength Trabecular vBMD was lowest in low-weight AN, highest in controls, and intermediate in atypical AN (P , 0.0001) ( Table 1 Table 1 ], which remained significant after controlling for current BMI. In contrast, illness duration was negatively associated with Int.vBMD (R = -0.26, P = 0.007) and therefore with vertebral strength (R = -0.23, P = 0.02) (Supplemental Table 1 ). Furthermore, lifetime duration of amenorrhea was negatively associated with Int.vBMD (R = -0.27, P = 0.01) and therefore with vertebral strength (R = -0.24, P = 0.02) (Supplemental Table 1 ). After adjusting for BMI, associations for durations of illness and amenorrhea with Fig. 3(A) ] was lowest in those with current amenorrhea (N = 50), highest in those with spontaneous menses (N = 34), and intermediate in those receiving E+P (N = 24) (P , 0.0001). After controlling for BMI, those with current amenorrhea (P , 0.0001) and those receiving E+P (P = 0.03) still had lower Int.vBMD compared with those with spontaneous menses. CSA [ Fig. 3(B) ] was higher in amenorrheic subjects than those with spontaneous menses (P = 0.006), which remained significant after adjusting for BMI. Vertebral strength [ Fig. 3(C) ] was lower in those with current amenorrhea compared with those with spontaneous menses (P = 0.003); differences were not significant after adjusting for BMI. For AN subjects with current amenorrhea, with spontaneous menses, and receiving E+P, median heights were 166.05, 164.25, and 164.50 cm, respectively, and mean heights were 164.79, 164.76, and 163.63 cm, respectively; differences were not significant. Results within the low-weight AN group and atypical AN group individually are reported in Fig. 3(D-I) .
Among women with low-weight AN and atypical AN with current amenorrhea, we analyzed serum testosterone and estradiol levels to determine the relative contributions of estrogens and androgens to vertebral strength. Among those with current amenorrhea, free testosterone was positively associated with Int.vBMD [R = 0.42, P = 0.01; Fig. 4(A) ] and therefore also with vertebral strength [R = 0.30, P , 0.05; Fig. 4(B) ]. After controlling for BMI, the association of free testosterone with Int.vBMD remained significant (P = 0.01) and with vertebral strength trended toward significance (P , 0.06). Total testosterone had a positive association with Int.vBMD (R = 0.49, P = 0.003), including after controlling for BMI, and trended toward a positive association with vertebral strength (R = 0.31, P , 0.09), which did not persist after controlling for BMI. Among currently amenorrheic subjects with estradiol levels available, estradiol trended toward a positive association with Int.vBMD [R = 0.45, P , 0.06; Fig. 4(C) ], which became significant after adjusting for BMI (R = 0.46, P , 0.05). Estradiol was not associated with vertebral strength [ Fig. 4(D) ]. Within the subset of amenorrheic women who had both testosterone and estradiol levels available (29 of 50), in stepwise regression models controlling for estradiol, age and BMI, free testosterone remained significantly associated with Int.vBMD (P = 0.001) and therefore with vertebral strength (P = 0.01) and explained about 33% and 21% of the variability in Int.vBMD and vertebral strength, respectively. Estradiol was not significantly associated with Int.vBMD or press.endocrine.org/journal/jcemvertebral strength in multivariable models controlling for testosterone and age. In a stepwise regression model controlling for estradiol, age and BMI, total testosterone remained significantly associated with Int.vBMD (P = 0.003) and explained about 28% of its variability. DHEA-S was positively associated with Int.vBMD (R = 0.53, P = 0.01) and therefore also with vertebral strength (R = 0.55, P = 0.005) among low-weight and atypical AN, which remained significant after controlling for BMI. IGF-1 trended toward positive associations with Int.vBMD (R = 0.18, P = 0.07) and vertebral strength (R = 0.20, P = 0.06) among low-weight and atypical AN, which did not persist after controlling for BMI. Among low-weight and atypical AN not taking exogenous E+P, IGF-1 was positively associated with Int.vBMD (R = 0.28, P = 0.02) and thus also with vertebral strength (R = 0.25, P = 0.04); neither association remained significant after adjusting for BMI. Among low-weight AN and atypical AN subjects with current amenorrhea, when IGF-1 level, free testosterone level, age, and BMI were entered into stepwise regression models, IGF-1 determined 18% of the variability of Int.vBMD and vertebral strength (R 2 = 0.18, P , 0.02, for both) and free testosterone trended toward accounting for more than 25% of the variability of both Int.vBMD and vertebral strength (cumulative R 2 = 0.28, P , 0.06, for Int.vBMD; cumulative R 2 = 0.27, P , 0.07, for vertebral strength).
Discussion
We are the first to report that vertebral Int.vBMD and estimated vertebral strength, which is a function of Int. vBMD, are impaired across the AN weight spectrum-in both low-weight AN and atypical AN. We show that women with atypical AN have diminished Int.vBMD and hence vertebral strength compared with controls, but not as low as in women with low-weight AN. We demonstrate that the extent of impairment of Int.vBMD and hence vertebral strength across the AN spectrum is related to low-weight and amenorrhea, both current and previous. In addition, our data suggest that free testosterone and IGF-1 levels may be positive determinants of Int.vBMD and therefore vertebral strength, independent of BMI. Thus, past and present low-weight and endocrine dysfunction can have detrimental effects on skeletal health across the AN weight spectrum. Low-weight women with AN have an elevated risk of overall fractures and vertebral fractures, and the spine is the site of the greatest bone loss assessed by DXA in such women (1). Although we have recently reported Int. vBMD and vertebral strength using QCT for women with low-weight AN, these have not been reported for women with atypical AN (in whom BMI is $18.5 kg/m 2 and amenorrhea is not required), who may have been expected to have normal skeletal health. However, we found that Int.vBMD and estimated vertebral strength were lowest in low-weight AN, intermediate in atypical AN, and highest in controls. As estimated vertebral strength is a function of Int.vBMD and CSA, and CSA did not differ between the low-weight AN, atypical AN, and control groups, the differences in vertebral strength between these groups were driven by differences in Int. vBMD. Int.vBMD and therefore vertebral strength were lower in atypical AN than controls, despite normal weight and lack of amenorrhea in many women with atypical AN. A possible explanation is that most women with atypical AN had experienced amenorrhea and/or low weight in the past. The 9 women with atypical AN who had never experienced BMIs,18.5 kg/m 2 during adulthood had similar Int.vBMD and vertebral strength as controls, supporting the argument that prior lowweight is a major contributor to impaired bone health in atypical AN. Therefore, providers should consider prior low weight and prior amenorrhea that may be detrimental to skeletal health. Moreover, our data are consistent with the hypothesis that women with lowweight AN as well as those with atypical AN (despite currently normal BMIs) have impaired vertebral strength. Our findings are consistent with previous reports that women with AN who have partial weight recovery (achieving 80% to 90% of ideal body weight), some of whom likely would have been diagnosed with atypical AN had it been a diagnostic criterion at the time, may experience some improvement in areal BMD, but not complete normalization (2, 18, 19) . However, this is the first report of vBMD by QCT in women with the new "atypical AN" diagnosis or hormonal determinants of vertebral strength in any women with AN-low-weight, recovered, or "atypical."
AN is frequently complicated by amenorrhea, which appears to contribute to the impaired BMD seen in this disorder. Women with low-weight AN who are amenorrheic have lower spine areal BMD than their eumenorrheic counterparts with comparable BMIs (20) . For women with atypical AN, the relationships of amenorrhea with vertebral BMD and vertebral strength have not been reported previously. We demonstrate that women with low-weight AN and atypical AN who are currently amenorrheic have lower Int.vBMD and hence lower vertebral strength, and that the extent of impairment of Int.vBMD and therefore vertebral strength across the AN weight spectrum is related to both current amenorrhea and lifetime duration of amenorrhea. We also investigated whether the relationship of current amenorrhea with impaired Int.vBMD and vertebral strength in AN is mediated by deficiency of estrogens, androgens, or both. We demonstrate that among currently amenorrheic women with low-weight AN and atypical AN, serum free testosterone is positively associated with Int.vBMD and hence vertebral strength, independent of serum estradiol and BMI. This suggests that serum testosterone is a positive determinant of vertebral vBMD and strength in amenorrheic women with low-weight AN and atypical AN, independent of serum estradiol. This is consistent with prior findings that low-dose testosterone administration leads to increases of bone formation markers in low-weight AN (12) but is in contrast to results of a subsequent study that found no increase in BMD following testosterone administration in women with lowweight AN (21) . In contrast to Int.vBMD and vertebral strength, mean CSA was higher in AN subjects with current amenorrhea than AN subjects with spontaneous menses. A possible explanation is that median height was higher in amenorrheic AN subjects than AN subjects with spontaneous menses, although this difference was not statistically significant. Because CSA reflects bone size and is positively related to height, the higher median height in amenorrheic subjects could potentially contribute to a higher CSA in amenorrheic subjects. Another possible explanation for the higher CSA in AN with current amenorrhea is that the lower vBMD in amenorrheic subjects may lead to an adaptive biomechanical response of periosteal bone formation, causing a net outward expansion of the vertebra and a higher mean CSA. As vertebral strength is a function of vBMD and CSA, a higher CSA could potentially attenuate the loss of vertebral strength caused by a lower vBMD. Bruno et al. (9) and Srinivasan et al. (22) found that men had lower vBMD and higher CSA at the spine (9) and hip (22) , respectively, compared with women in large cohorts of men and women matched for areal BMD. The opposing directions of the vBMD and CSA served to lessen the difference in bone strength between men and women that would have occurred if vBMD or CSA alone had differed between groups. These findings suggest that vBMD and CSA are interrelated and potentially adaptive. Further investigation is needed to elucidate this possible adaptive response.
Moreover, we demonstrate that Int.vBMD and accordingly vertebral strength in low-weight AN and atypical AN are related not only to current health status, but also historical characteristics. Int.vBMD and vertebral strength are more impaired in women who have experienced lower prior BMIs and longer durations of amenorrhea and of illness during their lifetimes. A key finding of the current study is that women with atypical AN are subject to impaired skeletal health despite having BMI $18.5 kg/m 2 currently, likely from having experienced low BMIs and amenorrhea previously. Lower nadir lifetime BMI is significantly associated with Int.vBMD and vertebral strength in the low-weight AN and atypical AN groups combined, and in low-weight AN and atypical AN groups individually, after controlling for current BMI. This highlights the long-lasting effects of prior low-weight on skeletal health for both low-weight AN as well as atypical AN, despite currently normal BMIs in the latter. Moreover, although fewer than 30% of women with atypical AN in our cohort were currently amenorrheic, the majority of women with atypical AN had experienced amenorrhea some time during their lives, and the lifetime duration of amenorrhea among women with atypical AN was a negative determinant of Int.vBMD and of estimated vertebral strength. These results suggest that women with atypical AN with current BMIs in the "normal" range are heavily influenced by the amenorrhea they have experienced throughout their lifetime. Our current findings are consistent with our prior report that longer lifetime durations of amenorrhea and of illness are associated with impaired hip strength in women with low-weight AN (23) . Our present findings suggest that both prior low-weight and prior amenorrhea have long-lasting effects on bone, and therefore current weight in the "normal" range and lack of amenorrhea in women with atypical AN should not in themselves be reassuring with regard to skeletal health.
Therefore, the results of the current study highlight the importance of both current and past clinical characteristics press.endocrine.org/journal/jcemand endocrine dysfunction on bone health in AN. The fact that the many of the women with atypical AN had experienced low BMIs and amenorrhea in the past, yet had lower prevalence of current amenorrhea, higher nadir lifetime BMIs, and shorter lifetime durations of amenorrhea and of illness compared with low-weight AN, likely accounts for the finding that vertebral Int.vBMD and estimated strength in atypical AN are diminished compared with controls but not as impaired as in low-weight AN. Figure 5 shows a conceptual model depicting the potential roles of prior and present low-weight and endocrine dysfunction on the impairment of vertebral vBMD and estimated vertebral strength in AN. Low BMI, both current and prior, can directly impact bone health through multiple mechanisms. Low BMI reflects nutrient deficiency, which can lead to decreased bone formation. Moreover, lower body weight leads to a lower degree of biomechanical loading on the bones. Body weight (particularly from lean body mass) provides biomechanical loading on bones that can stimulate increases in BMD and bone strength (24, 25) ; conversely a lack of biomechanical loading may lead to lower BMD and bone strength. Moreover, amenorrhea is a sign of estrogen deficiency, which can lead to increased bone resorption and thereby impairment of bone vBMD and strength. Low BMI can predispose to amenorrhea, but the fact that both current and prior amenorrhea are associated with lower Int.vBMD after adjusting for BMI in our study suggests that amenorrhea is a negative determinant of Int.vBMD independent of BMI. In addition, our finding that amenorrheic women with low-weight and atypical AN who have lower levels of free testosterone experience lower Int.vBMD independent of estradiol and of BMI implies that amenorrhea in AN may reflect not only estrogen deficiency, but also a relative testosterone deficiency. Testosterone may contribute to bone strength indirectly by increasing lean body mass and thereby increasing biomechanical loading (26) . Furthermore, testosterone has been shown in men to contribute to bone strength directly by stimulating bone formation and inhibiting bone resorption (27) (28) (29) (30) . Conversely, our results suggest that a relative deficiency of testosterone in amenorrheic women with AN may contribute to decreased bone formation in AN, which would be consistent with the previously mentioned report of testosterone administration in women with low-weight AN leading to increases in bone formation (12) . Reports from other groups suggest that there may be an estradiol threshold necessary for the maintenance of skeletal health in men (27) (28) (29) (30) . Our findings imply that among amenorrheic women with AN, there may be a testosterone threshold necessary for the maintenance of skeletal health. In addition, in stepwise models including both IGF-1 and testosterone levels among currently amenorrheic women with low-weight AN and atypical AN, we noted positive associations of both IGF-1 and testosterone with Int.vBMD and estimated vertebral strength, independent of BMI. AN and other states of malnutrition are characterized by resistance to growth hormone, leading to deficiency of IGF-1 (31), which can contribute to decreased bone formation. Our results suggest that the anabolic effects of IGF-1 play an important role in the skeletal health in amenorrheic women with lowweight AN and atypical AN. Limitations of this study include the lack of prospective fracture data due to its cross-sectional design. However, vertebral strength estimated using Int.vBMD and CSA is highly correlated with measured breaking force from cadaveric studies (16) . Moreover, some of the associations with Int.vBMD and with vertebral strength that were significant among the combined AN groups (low-weight AN group and atypical AN group combined) were not significant within the individual groups; thus, we are not able to state definitively that these variables are significant determinants of Int.vBMD and vertebral strength within each individual group. A possible explanation for the fact that some determinants were significant in the combined group but not the individual groups is that that the variables in the individual groups clustered (with little range), particularly with regard to BMI (per study design), and thus supports the view of atypical AN and low-weight AN as being part of a continuous AN spectrum. We postulate that because lowweight AN and atypical AN make up a spectrum of AN, our findings among the combined AN groups likely apply to individuals within both individual groups (within the low-weight AN group as well as the atypical AN group). Also, total testosterone levels were measured using 2 different assays; however, there is a high degree of agreement between the 2 assays, and testosterone levels have been adjusted to make the levels using the 2 assays comparable. In addition, hormone data were not available in all subjects with low-weight AN and atypical AN. In particular, because we limited the analysis of testosterone and estradiol levels to women with current amenorrhea and because these hormone levels were missing in some atypical AN subjects with current amenorrhea, our findings regarding the relative contributions of testosterone and estradiol among all amenorrheic AN subjects are not definitive. Also, because there were only 13 women with atypical AN who had current amenorrhea, this limited our ability to power to make definite conclusions in this specific subgroup. Hormone levels were not available in most control subjects, and thus hormone data for controls are not reported. Finally, it would have been informative to examine the subset of atypical AN subjects who never had low-weight and amenorrhea in the past; however, there were only 6 such women in our study, limiting our ability to generate meaningful conclusions regarding this subgroup.
In conclusion, Int.vBMD and estimated vertebral strength, which was modeled using Int.vBMD and CSA, are impaired in both low-weight AN and atypical AN, a new diagnostic category that does not require a strict weight cutoff or amenorrhea. Despite having currently normal BMIs (as well as eumenorrhea for many), women with atypical AN experience diminished vertebral BMD and strength, partially due to previously low BMIs and prior amenorrhea. Int.vBMD and therefore also vertebral strength are most severely impaired in women with AN who currently are low-weight, amenorrheic, and have lower testosterone and IGF-1 levels. Therefore, our results highlight the importance of BMI and endocrine dysfunction as determinants of vertebral bone density and estimated strength across the AN spectrum. Furthermore, women with lower prior BMIs (even if currently normal-weight) and longer lifetime durations of amenorrhea and of illness are also at risk for vertebral strength impairment. Thus, in addition to current health status, these historical characteristics are important determinants of skeletal health. Lack of current low weight or amenorrhea in women with atypical AN does not preclude significant compromise of vertebral strength.
